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BangladeshBangladesh is particularly vulnerable due to the combined impacts of sea level rise, rainfall and runoff
variability, and changes in cyclone patterns. This paper presents the application of an integrated mod-
elling framework used to investigate climate change impacts when global averaged surface temperature
increases by 2 C from pre-industrial level. The modelling framework consists of four model types:
Regional climate model (RCM), Ganges-Brahmaputra-Meghna (GBM) Basin model, Southwest Region
Hydrodynamic and Salinity models. Bias corrected climate results (temperature, precipitation and evap-
otranspiration) from SMHI-RCA and CNRM-ARPEGE RCMs for (Representative Concentration Pathway)
RCP 8.5 scenario were used. The uniqueness of this research study was that the same GCM (General
Circulation Model)/RCM results were used across the whole modelling chain. In Bagerhat District, it
was found that river salinity can increase by about 0.5 to 2 PPT (parts per thousand). Also, the duration
of river salinity above 1 PPT can double in some locations. In Kushtia District, in the months of November
and December river flows may increase but not sufficiently in other months due to lack of connectivity to
the Ganges River. In the flood-prone Shariatpur District, average wet season water level increases up to
0.2 to 0.5 m. Also, duration of flood levels above the established danger level can double in some loca-
tions. Finally, this study found that dredging of the mouth of the Gorai River (in Kushtia District) is an
effective adaptation measure. The dredging ensures connectivity to the Ganges River, which allows fresh-
water to enter the Southwest region of Bangladesh, which not only alleviates drought conditions in
Kushtia Distract but also helps push back saline intrusion.
 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Practical Implications Bangladesh is particularly vulnerable to climate change due to the combination of several impacts. These
impacts include sea level rise, increased variability in rainfall, changes in flow patterns of the major river systems and changes in
extreme events such as cyclones. This paper presents the application of an integrated modelling approach used to investigate cli-
mate change impact, vulnerability and adaptation measures due to a global averaged surface temperature change of 2 C from
pre-industrial level. Three case study areas were selected for different types of impacts of climate change in the Southwest region
of Bangladesh, which faces multiple hazards. Special focus was given to three different agro-ecological zones: coastal saline/surge
prone (Bagerhat District), drought prone (Kushtia District) and riverine floodplain (Shariatpur District). In the Bagerhat District, the
study focused on the changes in river salinity in various locations. In the Kushtia District, the study looked at the variation in river
flows of the Gorai River, particularly in the dry season. In this Shariatpur District, changes in monsoon season water levels of the
Padma River were investigated.
The modeling framework developed and implemented in this study integrates the impacts of sea level rise and changes in climate
and hydrology on different climate sensitive sectors in Bangladesh. The modeling framework consists of four model types: Regional
climate model (RCM), Ganges-Brahmaputra-Meghna Basin model (GBM model), Southwest Region Hydrodynamic (SWR-HD) and
Southwest Region Salinity (SWR-SAL) models. The impact on systems of Bangladesh was assessed using these mathematical mod-
els. Bias corrected climate results (temperature, precipitation and evapotranspiration) from two Regional Climate Models (SMHI-RCA
and CNRM-ARPEGE) for one Representative Concentration Pathway (RCP 8.5) scenario were used. The uniqueness of this research/dx.doi.
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ostudy was that the same GCM (General Circulation Model)/RCM results were used across the whole modelling chain. In other words,
the projected climate change variables from GCM/RCM were applied at the Basin scale and also for the regional hydrologic, hydro-
dynamic and salinity models. Also, the projected sea level rise from the same GCM was used in the regional hydrodynamic model.
The key findings from Basin modelling are (base period 1985–2005):
 Strong model agreement for Ganges Flow – increase of about 20% in monsoon months and increase by approximately 30% in dry
season
 General model agreement for Brahmaputra flow – SMHI data gives higher impact (5–10%) compared to CNRM data, overall
increase in monsoon flow of about 15% and approximately 10% in dry season
 General model agreement for Meghna flow in monsoon and post-monsoon season (approx. 20% increase) and in dry season
(approx. 10% increase); SMHI input data gives about 70% increase in pre-monsoon season; CNRM input data gives approx.
10% decrease
 Overall, SMHI gives higher increase in flows compared to CNRM input data
The increased monsoon flows has practical implications for flood protection along the major rivers and their main distributaries.
The increase in dry season flow, which occurred due to recession from higher peak and snowmelt contributions, is likely to benefit
the aquatic ecosystem and groundwater recharge along the major river corridors. However, positive implications as most of the dis-
tributaries may be limited as these are disconnected from the major rivers during the lean season. Furthermore, future increases in
upstream abstractions during the dry season can result in the predicted increases in dry season flows of the Ganges, Brahmaputra
and Meghna Rivers not occurring.
In Bagerhat District, it was found that river salinity can increase by about 0.5 to 2 PPT but this impact varies spatially (e.g. higher
increase in northern part of district). In some parts of the district, the salinity threshold for drinking water and even irrigation supply
is exceeded. Also, the duration of river salinity above 1 PPT can double in some locations, which has implications for water supply. In
Kushtia District, it was found that in locations connected to major rivers, Nov and Dec flows in distributaries may increase but not
sufficiently in other months. In the flood-prone Shariatpur District, average wet season water level increases up to 0.2 to 0.5m. Also,
the duration of flood levels above the established danger level can double in some locations. Finally, this study found that dredging
of the mouth of the Gorai River (in Kushtia District) is an effective adaptation measure. The dredging ensures connectivity to the
Ganges River, which allows freshwater to enter the Southwest region of Bangladesh, which not only alleviates drought conditions
in Kushtia District but also helps push back saline intrusion in Districts such as Bagerhat.
In this study, bias-corrected results from only two models RCMs (and corresponding GCMs) were used. The implication of using
two models is that the range of uncertainty of climate impacts is most likely less compared to the situation if more climate models
were used. Thus, this limits the robustness of some of the conclusions from this study.1. Introduction
1.1. Background
Bangladesh is particularly vulnerable to climate change due to
the combined impacts of sea level rise, increased rainfall variabil-
ity, changes in runoff pattern of the major river systems and possi-
ble changes in extreme events such as cyclones. There is also
growing evidence that Bangladesh is already feeling the effects of
climate change (e.g. Rahman et al., 2013 and CDMP, 2012). To date,
most climate models predict an increase in temperature and
annual precipitation, with increases to be more pronounced during
the monsoon period for this region. Thus, climate change is very
likely to affect the hydrology in the region (e.g. see Gain et al.,
2011; Ghosh and Dutta, 2011). Given that Bangladesh is located
at the downstream end of the Ganges-Brahmaputra-Meghna
(GBM) Basin (Fig. 1) increase in flood hazards is very likely
(Olesen et al., 2010). However, it is less clear how climate change
impacts will regionally affect the intensity, timing, frequency and
duration of precipitation (Bates et al., 2008). Furthermore, at sea-
sonal to annual time scales, the surface water availability in the
GBM basin varies considerably (Siddique-E-Akbor et al., 2014).
The coastal region of Bangladesh is particularly vulnerable to
the potential impacts of climate change. This region consists of a
very complex river system where strong tidal effects propagate
about 160–170 km upstream of the coast. The Gorai River is the
main source of freshwater as a main ‘‘artery” in the southwest
region and it plays a major role in controlling salinity intrusion
in the coastal area of Bangladesh. During the last two decades
the mouth of the Gorai River has silted up due to morphological
changes. As a result, the mouth of the Gorai River is dry during
the dry season (January to May). Consequently, the southwestlease cite this article in press as: Zaman, A.M., et al. Impacts on river systems u
rg/10.1016/j.cliser.2016.10.002region is seriously affected by saline intrusion during that period.
The cutoff start time and duration has major implications on salin-
ity intrusion into major rivers of southwest region of Bangladesh.
This in turn has caused detrimental changes in ecosystem services
in the region. Measured salinity data shows an increasing trend in
the early 1990’s when the Gorai began to be cutoff. Then a sharp
decrease in river salinity was seen for several years after dredging
of the Gorai mouth in 1998–2000. However, the mouth of the Gorai
offtake has silted up again due to discontinuation of dredging since
2001 and is now regularly cutoff, which is leading to increased
river salinity in the region for a second time. This trend not only
restricts freshwater supply into the region but is increasing the risk
of soil and groundwater salinisation.
Recently, the Institute of Water Modelling (IWM) has measured
the salinity level at numerous locations for the dry season of 2010
and 2011 from January to May (see Fig. 2). The measured data pro-
vides an indication about the saline and non-saline zone of the
southwest region (IWM, 2012). The non-saline zone is situated in
the north-eastern part of the southwest region. The freshwater
passing through the Lower Meghna River and Arial Khan River
directly influences the eastern part. The northern part of this
region is more than 180 km from the coast of the Bay, where salin-
ity cannot reach. The upstream propagation of saline front up till
now is around 170 km from the coast. A large range in salinity
levels are observed during the months of April and May, when
upstream flows tend to be at a minimum (see Table 1).1.2. Paper structure
In the next section, a description of the data and models used in
this study is provided. In Section 3 the model results are presented.
Conclusions are provided in the last section.nder 2 C warming: Bangladesh Case Study. clim. Ser. (2016), http://dx.doi.
Fig. 1. Location of Bangladesh within Ganges-Brahmaputra-Meghna Basin.
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2.1. Overall modelling framework
There were four types of modelling in the framework developed
for this study (Fig. 3):
 Regional climate models, from which bias corrected climate
data were prepared as inputs for basin modelling;
 Basin modelling, which simulated flows in major rivers of
Bangladesh (namely Ganges, Brahmaputra and Meghna Rivers)
that form boundary conditions for regional models;
 Regional hydrologic and hydrodynamic modelling, which simu-
late river flows and water levels of main rivers in coastal area by
taking into account of changes in climate, sea level rise (SLR)
and key socio-economic (SE) variables that affect catchment
hydrology;
 Salinity modelling, which simulates salinity in coastal rivers
based on hydrodynamic conditions
The details of each model type are discussed in the following
sub-sections.
2.2. Basin modelling
The Ganges-Brahmaputra-Meghna Model (GBM, Institute of
Water Modelling) is a catchment based hydrologic model
developed in the MIKE Basin platform (Nishat and Rahman,
2009). This model has been used as it has already been applied in
several climate change studies of Bangladesh. IWM developed the
GBM model for the Flood Forecasting and Warning Centre (FFWC),
Bangladesh Water Development Board (BWDB) in 2005. After its
development, the model has been tested at IWM using several rain-
fall data sets (Nishat and Rahman, 2009). The model comprises 133Please cite this article in press as: Zaman, A.M., et al. Impacts on river systems u
org/10.1016/j.cliser.2016.10.002sub-catchments out of which 79 in the Ganges basin, 47 in the
Brahmaputra basin and the rest 7 in the Barak basin (see Fig. 4).
Model areas under the Ganges, Brahmaputra and Barak basins are
979,503 sq. km, 520,663 sq. km. and 26,567 sq. km, respectively.
The model includes snow melt processes for the catchments of
Hindukush Himalaya region (see Fig. 5).
The model requires several types of input data: rainfall data,
evapotranspiration data, temperature data, river discharge data,
topographic data (land terrain) and results of Climate Change
Models. Availability and sources of those data are described briefly
below.
Daily rainfall data is available from IWM data base and several
web sites for the period of 2007–2011 which comprise both station
data and grid data. Satellite estimated rainfall data published by
TRMM have also been downloaded and processed for the period
of 1998–2010.
Monthly evapotranspiration data have been collected from sev-
eral books, publications and web sites calculated at different sta-
tions in the Brahmaputra basin area within India and China (Tibet).
Daily high-low temperature data have been collected from IWM
data base and web sites for the period of 2007–2011 at several
important stations in the study area.
Measured river discharge data have been collected from IWM
data for Hardinge Bridge (Ganges River), Bahadurabad (Brahmapu-
tra River) and Bhairab Bazar (Meghna River) for the period of
1998–2011.
There are three types of land terrain data: GTOPO30, SRTM and
ASTER of the basin area are available in IWM data base which is
downloaded from web sites of USGS. GTOPO30 land terrain data
set was developed over a three year period through a collaborative
effort led by staff at the U.S. Geological Survey’s EROS Data Center
(EDC), and completed in late 1996. It is a digital elevation model
with a horizontal grid spacing of 30 arc seconds (approximately
1 km near the equator), and coverers the full extent of latitudender 2 C warming: Bangladesh Case Study. clim. Ser. (2016), http://dx.doi.
Saline Zone 
Non-saline Zone 
Fig. 2. Demarcation of Saline and Non-saline Zones in Southern Bangladesh.
Table 1
Salinity Levels in the Gorai-Nabaganga-Atai-Rupsa-Kazibacha-Pussur River system.
Location Name River name Typical variation of measured
salinity level in PPT (parts per
thousand)
April May
Bhatiapara Gorai 0.41–0.94 0.38–1.16
Bardia Nabaganga 2.86–5.79 3.16–9.19
Arua Atai 4.71–8.57 8.26–12.59
Khulna Rupsa 9.40–12.90 11.70–14.00
Mongla Mongla Nulla 14.10–19.40 18.20–20.70
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Please cite this article in press as: Zaman, A.M., et al. Impacts on river systems u
org/10.1016/j.cliser.2016.10.002from 90 degrees south to 90 degrees north, and the full extent of
longitude from 180 degrees west to 180 degrees east. The horizon-
tal coordinate system of the data set is decimal degrees of latitude
and longitude referenced to WGS84. The vertical units represent
elevation in meters above mean sea level. The data set is derived
from several raster and vector sources of topographic information.
It is divided into 33 no of tiles. The data has been downloaded from
the website http://www1.gsi.go.jp/geowww/globalmap-gsi/
gtopo30/gtopo30.html for the Brahmaputra basin, processed,
developed Digital elevation model (DEM) and preserved in Geo-
graphic Information system (GIS) grid format.nder 2 C warming: Bangladesh Case Study. clim. Ser. (2016), http://dx.doi.
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Fig. 3. Modeling Framework.
Fig. 4. River Network and Catchments in the GBM Model.
A.M. Zaman et al. / Climate Services xxx (2016) xxx–xxx 5The Shuttle Radar Topography Mission (SRTM) obtained eleva-
tion data on a near-global scale to generate the most complete
high-resolution digital topographic database of Earth. SRTM is an
international project spearheaded by the National Geospatial-
Intelligence Agency (NGA) and the National Aeronautics and Space
Administration (NASA). Virtually all of the land surface between
±60 degrees latitude was mapped by SRTM. The original SRTM data
is provided in 1-degree digital elevation model (DEM) tiles from
the USGS ftp server (ftp://e0srp01u.ecs.nasa.gov/srtm/version2/Please cite this article in press as: Zaman, A.M., et al. Impacts on river systems u
org/10.1016/j.cliser.2016.10.002SRTM3/). The data is available continent by continent at 3-arc sec-
onds (approximately 90 m at the equator) resolution for the entire
terrestrial surface. The data is projected in a Geographic (Lat/Long)
projection, with the WGS84 horizontal datum and the EGM96
vertical datum. The data has been downloaded from website, pro-
cessed into a grid DEM by adopting mosaic facilities of GIS soft-
ware. The grid DEM then has been projected under Universal
Transverse Mercator (UTM) projection. SRTM data have been used
only for some minor re-delineation of sub-catchment boundaries.nder 2 C warming: Bangladesh Case Study. clim. Ser. (2016), http://dx.doi.
Fig. 5. Grids (0.5) Over Catchments in the GBM Model.
6 A.M. Zaman et al. / Climate Services xxx (2016) xxx–xxxThe ASTER elevation data is also another high resolution Satellite
estimated data. Advanced Spaceborne Thermal Emission and
Reflection Radiometer (ASTER) Global Digital Elevation Model
(GDEM) in short ASTER G-DEM is provided in 1-degree 
1-degree scene (equivalent to 3600 km2). It is available via elec-
tronic download from the Earth Remote Sensing Data Analysis Cen-
ter (ERSDAC) of Japan (http://www.ersdac.or.jp/GDEM/E/). The data
is projected in a Geographic (Lat/Long) projection, with the WGS84
horizontal datum and the EGM96 vertical datum. The data is avail-
able at 1-arc seconds (approximately 30 m at the equator) resolu-
tion for the global between 83 latitude. About 58 Nos. of tiles
have been downloadedwhich are in the form of *.tiff file. The down-
loaded tiles then have been converted into a grid DEM by adopting
mosaic using ARC GIS 9.2 software. The grid DEM was projected
under Universal Transverse Mercator (UTM) projection.
To date, the GBM model has been calibrated at three stations
inside Bangladesh: Hardinge Bridge (of the Ganges River), Bahadur-
abad (of the Brahmaputra River) and Bhairab Bazar (Meghna River).
The comparison plots ofmodel simulated and rated discharges have
been shown in Fig. 6. The model performance has been deemed
acceptable for the purposes of this study.
2.3. Regional hydrologic and hydraulic modelling
The SouthWest Region – Hydrodynamic (SWR-HD)Model is one
of the six regional models of Bangladesh developed at the Institute
ofWaterModelling (IWM). The SWR-HDModel has been developed
in the MIKE-11 platform and it contains two components:
 MIKE11-NAM: rainfall-runoff model used to simulate the run-
off from catchment rainfall. The key input data of the model
are rainfall, evaporation, initial soil moisture contents as basin
characteristics, initial groundwater level and irrigation/abstrac-
tion from the surface or groundwater sources. The catchments
were delineated according to the topographic barriers/water-
shed boundaries, roads and river networks.Please cite this article in press as: Zaman, A.M., et al. Impacts on river systems u
org/10.1016/j.cliser.2016.10.002 MIKE11-HD: hydrodynamic model used to simulate river flows,
water level and velocity at the un-gauged locations of the
southwest region. The SWR-HD MODEL covers important and
complex river networks of entire south-west region of
Bangladesh. The model boundary conditions (inflow discharge
and outflowwater level) have been defined frommeasured data
at specific locations. The model has computed the river slope
and flow direction considering the properties of cross-sections
and tail water conditions. The floodplain depression within
the model area has been defined as flood-cell/storage-cell,
which has been connected to the main river through link
channels.
Hydrodynamically most of the southwest region of Bangladesh
falls in the active deltaic plane and flow of the rivers are governed
by the tide of the Bay of Bengal. The Gorai River is the main fresh
water source for this region which receives water from the Ganges
River (see Fig. 7). The Arial Khan River also contributes fresh water
to the Madhumati river system, though at a lesser scale compared
to the Gorai River.
The tidal characteristics along the coast of the Bay of Bengal are
semi-diurnal and tidal period is approximately 12.5 h (see Fig. 9).
Generally, more than ten estuaries along the coast of the Bay of
Bengal cause tidal action (see Fig. 8), which enters around
170 km inland. The biggest estuary is the Shahabazpur channel,
12–16 km wide, at the mouth of the Lower Meghna River. The
maximum freshwater is running through this channel with a 1 m
tidal effect at Chandpur, 136 km upstream of its mouth, during
the dry season. Another important estuary is Pussur, which is an
important river navigation channel, has a width of 1.5 km. All
estuaries are oriented in the north–south direction with numerous
cross-connecting channels generally aligned in the east–west
direction.
To date, the SWR-HDMODEL has been calibrated on the basis of
2007 data (see Fig. 10), as extensive salinity data was available for
this year.nder 2 C warming: Bangladesh Case Study. clim. Ser. (2016), http://dx.doi.
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Fig. 6. Comparison of Simulated and Rated Discharge for Three Major Rivers.
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IWM has developed a southwest region salinity (SWR-SAL)
model, which is essentially an extension to the SWR-HD Model
described above. The first version of this model was developed
approximately 20 year ago under the Surface Water Simulation
Modelling Programme II. Since then it has undergone various
updates.Please cite this article in press as: Zaman, A.M., et al. Impacts on river systems u
org/10.1016/j.cliser.2016.10.002The salinity model uses the output from the SWR-HD model to
compute salinity levels of rivers using the Advection-Dispersion
(AD) module of MIKE-11. This module is based on the one-
dimensional equation of conservation of mass of a dissolved or sus-
pendedmaterial. An AD simulation is carried out on the basis of the
result file from the hydrodynamic (HD) model, which provides the
necessary information, in time and space, on discharges, water
levels, velocity, cross-sectional area and hydraulic radius. The 1Dnder 2 C warming: Bangladesh Case Study. clim. Ser. (2016), http://dx.doi.
Fig. 7. River Network and Extent of the Southwest Region Hydrodynamic Model.
8 A.M. Zaman et al. / Climate Services xxx (2016) xxx–xxxAD equation for a conservative matter (i.e. salt) is as follows, when
neglecting the source and sink term:Please cite this article in press as: Zaman, A.M., et al. Impacts on river systems u
org/10.1016/j.cliser.2016.10.002@Ac
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A: cross-sectional area
c: concentration
Q: discharge
D: dispersion coefficient
X: horizontal (space) coordinate
t: time
In the equation, three terms are storage, advective and disper-
sive. The main assumptions underlying the advection-dispersion
equation are:
 The considered substance is completely mixed over the cross-
section;
 The substance is conservative or subject to a first order reaction
(linear decay);
 The dispersive transport is proportional to the concentration
gradient, i.e. apply Fick’s diffusion law.Please cite this article in press as: Zaman, A.M., et al. Impacts on river systems u
org/10.1016/j.cliser.2016.10.002The salinity model has been developed on the basis of the
calibrated SWR-HD Model. Thus, the same model setup for the
SWR-HD Model is used for the SWR-SAL Model. For AD simula-
tions, discharge (Q) and water level (H) boundaries of the HD
model must be specified as either open or closed boundaries. Time
series of salinity variations need to be specified at the open model
boundaries, where salt can enter or leave the model. At the closed
boundaries, salt cannot enter or leave the model and no boundary
conditions needs to be specified for AD simulations. In this salinity
model, downstream H-boundaries are usually open boundaries,
whereas upstream Q-boundaries are closed boundaries.
Salt intrusion modelling aims at generating a good understand-
ing of the complex mechanism of salt transports in the strongly
interconnected river and estuary network of southwest
Bangladesh. The SWR-SAL Model shows the effects of fresh water
intakes from the North (Ganges and Padma River), local rainfall
and evapotranspiration and salt intrusion from the Bay of Bengal.
For this purpose the SWR-SAL covers nearly 37,330 km2 of thender 2 C warming: Bangladesh Case Study. clim. Ser. (2016), http://dx.doi.
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Fig. 10. Calibration of SWR-HD Model for Rupsha River at Khulna.
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A.M. Zaman et al. / Climate Services xxx (2016) xxx–xxx 11south west region and can show the propagation and extent of the
saline front. The SWR-SAL Model is bounded by the Ganges-Padma
River on the north, Lower Meghna River on the east, India-
Bangladesh border on the west and the Bay of Bengal on the south.Please cite this article in press as: Zaman, A.M., et al. Impacts on river systems u
org/10.1016/j.cliser.2016.10.002Generally, the simulation period of the salinity model starts at
the beginning of the dry season with very low salinity levels in
the major part of the river system, which then slowly increases
over a six month period (see Fig. 11). This pattern needs to bender 2 C warming: Bangladesh Case Study. clim. Ser. (2016), http://dx.doi.
Fig. 13. Simulated and Measured Salinity Data at Peruli on the Chitra River.
Fig. 14. Simulated and Measured Salinity Data at Khulna on the Rupsa River.
Table 2
Basin Model Scenarios.
SN Scenario Period RCP RCM
1 Base 1985–2005 n/a SMHI
2 Base 1985–2005 n/a CNRM
3 2 C High CC 2029–2049 8.5 SMHI
4 2 C High CC 2035–2055 8.5 CNRM
12 A.M. Zaman et al. / Climate Services xxx (2016) xxx–xxxreproduced by altering the main calibration parameter: the disper-
sion coefficient. For calibration of the salinity model, recorded
salinity time series at different locations have been used.
To date, the salinity model has been calibrated for the year 2007
from January to May considering the availability of measured
salinity data. The model has been calibrated at more than 20
locations covering the entire saline front starting from coast to
160–170 km upstream. For instance, the simulated and measuredPlease cite this article in press as: Zaman, A.M., et al. Impacts on river systems under 2 C warming: Bangladesh Case Study. clim. Ser. (2016), http://dx.doi.
org/10.1016/j.cliser.2016.10.002
Table 3
Regional Model Scenarios.
SN Scenario Period RCP Abstractions
1 Base 1985–2005 n/a Increasing trend based on area changes
2 2 C High CC 2029–2049 8.5 (SMHI) 2005 abstractions
3 2 + Gorai dredging 2029–2049 8.5 (SMHI) 2005 abstractions
4 2 C High CC) 2035–2055 8.5 (CNRM) 2005 abstractions
5 4 + Gorai dredging 2035–2055 8.5 (CNRM) 2005 abstractions
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Fig. 15. Change in Ganges Flow at Hardinge Bridge due to 2 C Warming in RCP 8.5.
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Fig. 16. Change in Brahmaputra Flow at Bahadurabad due to 2 C Warming in RCP
8.5.
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Fig. 17. Change in Meghna Flow at Bhairab Bazar due to 2 C Warming in RCP 8.5.
A.M. Zaman et al. / Climate Services xxx (2016) xxx–xxx 13salinity data at Afraghat on the Bhairab River, at Narail on the
Chitra River, at Khulna on the Rupsa River are shown in
Figs. 12–14. The figures show that the model generated salinity
data matches reasonably well with the measured salinity data. It
may be mentioned that high and low salinity level measurement
is very difficult during the salinity sample data collection.
2.5. Model scenarios
2.5.1. Basin model
A total of four scenarios were simulated with the calibrated
basin model: two base runs and two high (RCP8.5) climate change
runs (see Table 2). One base run was done with bias-corrected
SMHI climate input data and the other base run with CNRM bias-
corrected data. Both base runs were for the period 1985–2005.
The period was based on the regional model requirement of
20 years. In this study, the RCM’s start of climate change (CC)
period was 2006, therefore the base period was selected as
1985–2005.
The two high climate change runs were based on RCP 8.5 results
from SMHI and CNRM Regional Climate Models. For the SMHI RCPPlease cite this article in press as: Zaman, A.M., et al. Impacts on river systems u
org/10.1016/j.cliser.2016.10.0028.5 run, the period simulated was 2029–2049, as the GCM
projected 2 C change in 2038. Thus, a twenty year window was
selected centering on the year 2038. Similarly, CNRM RCP 8.5 sim-
ulation period was 2035–2055, as the projected year of 2 C mean
global temperature rise was 2045 from the GCM.2.5.2. Regional model
The regional models (hydrologic, hydrodynamic and salinity)
were run for 5 scenarios (see Table 3). The base period (1985–
2005) was the calibrated models with IWM’s input data. However,
the irrigation abstractions were adjusted to reflect the increase in
irrigation area for each catchment. This was based on analyses of
Bangladesh Bureau of Statistics (BBS) Agricultural statistics for
the districts within the study area.
There were two scenarios with SMHI RCP 8.5 climate change
factors (2029–2049 period), out of which one scenario had an
adaptation measure – dredging of the mouth of Gorai River, to
ensure connectivity with the Ganges River during the dry season.
Similarly, there were two scenarios with CNRM RCP 8.5 climate
change factors (2035–2055 period) and one included Gorai River
dredging. For all the future scenario runs, the irrigation abstrac-
tions were kept at 2005 levels. This was done to see what the
impacts of 2 C warming would be with abstractions obtained at
the end of the base period.2.6. Limitations
The modelling framework used in this study has the following
limitations:
 base period of basin model simulation extends further back
than calibration period
 future changes in land cover and water abstractions not incor-
porated in basin model simulations with climate change
 future changes in abstractions not incorporated in regional
modelnder 2 C warming: Bangladesh Case Study. clim. Ser. (2016), http://dx.doi.
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Fig. 19. Location of Flow Change Investigation in Kushtia District.
Table 4
Projected Sea Level Rise for 2 C Warming.
SN GCM RCM Year 2 C Reached (from 1850, from GCM) SLR for 2 C Year (cm) compared to 1995
(medium ice shield melting)
RCP 2.6 RCP 4.5 RCP 8.5 RCP 2.6 RCP 4.5 RCP 8.5
1 CNRM CNRM-ARPEGE >2100a 2054 2045 22a 14 13
2 EC EARTH SMHI – RCA >2100b 2050 2038 32b 22 17
Source: Brown et al. (2014)
Notes: aMean global warming of 1.7 C reached by 2100. bMean global warming of 1.5 C reached by 2100.
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3.1. Basin model
The basin model results are expressed as changes in flows at
key locations: Haridinge Bridge (Ganges River), Bahadurabad
(Brahmaputra River) and Bhairab Bazar (Meghna River). These
points were used as upstream boundary locations for the regional
model.Interest 
Fig. 22. : Location of Salinity Change Investigation in Bagerhat District.3.1.1. Ganges River
In general, 2 C global warming (in RCP 8.5) lead to an increase
in simulated flows at Hardinge Bridge based on climate change fac-
tors obtained from the two RCMs (Fig. 15). There was strong agree-
ment in simulated discharge results obtained from the two
different climate forcings. A higher percentage increase in flows
was seen in the months February to April as the flows are relatively
low in these months compared to the other months. A decrease in
average flows in May was seen as the melting contributions from
the Himalayan catchments (in Nepal and India) occur earlier (due
to warming). This is also the reason for the relatively large increase
in flows in April. There was increase in the post-monsoon season
and dry season mainly due to the recession from a higher peak
and also increase in base flow component of the hydrograph. This
can have positive impacts on the aquatic ecosystem and ground-
water recharge along the river corridor.
It should be noted that if the simulation was extended to a
longer period, then there would be a decrease in flows for most
months due to the reduction in snow and glacier storage. Also,
the increase in dry season flows may not materialize if there arePlease cite this article in press as: Zaman, A.M., et al. Impacts on river systems u
org/10.1016/j.cliser.2016.10.002increased abstractions (diversions) from the rivers in upstream
catchments.nder 2 C warming: Bangladesh Case Study. clim. Ser. (2016), http://dx.doi.
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There was also an increase in flows of the Brahmaputra River
due to 2 C warming for RCP 8.5 (Fig. 16). Although there is good
agreement in terms of direction of change in flows from the two
sets of climate forcings, the SMHI input data gave larger increases
in flows compared to the CNRM input data. The CNRM input data
lead to some decrease in flows in February and June but these were
less than 5%. As in the Ganges basin, the increase in flows in the dry
season may not be realized if there will be more abstractions from
upstream catchments.0.0
0.2
0.4
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Ch
a
Fig. 24. Change in Average River Salinity in Bagerhat District due to 2 C Warming.3.1.3. Meghna river
Overall there was increase in flows of the Meghna River due to
2 C global warming (in RCP 8.5). There was good agreement in
terms of direction of change in simulated discharge in the Meghna
River from the two sets of climate forcing data (Fig. 17) for the
monsoon and post-monsoon seasons and also for most of the dry
season. The two forcing data gave differing directions of change
for the period March to May. The CNRM input data gave a decrease
in flows for this period; whereas the SMHI input data gave an
increase in flows. The percentage change in flows was particularly
high for the months of March and April (SMHI input data) due to
the relatively low flows values for these months. The decrease in
flows for the period February to May (CNRM input data) can bePlease cite this article in press as: Zaman, A.M., et al. Impacts on river systems u
org/10.1016/j.cliser.2016.10.002attributed to the overall reduction in rainfall and increase in evap-
otranspiration across the basin for these months (see Fig. 18).3.2. Regional model
In order to conduct the regional impact modelling, the down-
stream boundary of the model needed to be adjusted for sea levelnder 2 C warming: Bangladesh Case Study. clim. Ser. (2016), http://dx.doi.
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A.M. Zaman et al. / Climate Services xxx (2016) xxx–xxx 17rise as well as land subsidence. Estimates of global sea level rise
from different GCMs were obtained from Brown et al. (2014).
The projections incorporate medium rate of ice shield melting
(Table 4). For RCP 8.5, there is not much difference (4 cm) in global
sea level rise between the two GCMs.
An estimate of subsidence rate for the coastal region of Bangla-
desh was obtained from Brown and Nicholls (2015). An overall ratePoint of 
Interest 
Fig. 26. Location of Flood Level Change
Please cite this article in press as: Zaman, A.M., et al. Impacts on river systems u
org/10.1016/j.cliser.2016.10.002of 2 mm/yr was used from a base year of 1994 in the transient 20-
yr simulations of the regional hydrodynamic model. Thus the
downstream boundary was increased by SLR projections (approx.
13–23 cm from the period 2039–2049) and also due to subsidence
(approx. 6–11 cm from 2039 to 2049).
3.2.1. Kushtia District
The Kushtia District was chosen in order to investigate the
impact on dry season water availability due to 2 C global warming
in RCP 8.5. The simulated changes in discharge for the Gorai River
(at Kumarkhali) were obtained from the SWR-HD model (Fig. 19).
The simulated average monthly flows for the base, RCP 8.5 and
RCP 8.5 with Gorai River dredging are shown in Fig. 20. The
increase in monsoon flows can be attributed to the increased
Ganges flow, as simulated by the basin model. The increase in
post-monsoon season flows (Oct and Nov) was also due to the
higher flows in the Ganges River, which occurred due to recession
from a higher monsoon peak. However, from January to May there
was practically no increase in flows in the climate change scenario.
This is because Gorai River gets cutoff from the Ganges River.
Therefore, a dredged section was used in order to see whether
the dry season flow can be increased. The results show that this
physical intervention measure can be a ‘‘no regrets” adaptation
measure as the dry season flow condition is improved compared
to the base scenario.Investigation in Shariatpur District.
nder 2 C warming: Bangladesh Case Study. clim. Ser. (2016), http://dx.doi.
Table 5
Change in Duration Above Danger Level in Shariatpur
District.
Scenario Duration above Danger Level
RCP 8.5 61 days
18 A.M. Zaman et al. / Climate Services xxx (2016) xxx–xxxThe uncertainty in dry season flows were also investigated
based on the 20-yr transient simulations (Fig. 21). It was found that
there is large variation in flows in November and December even
after dredging. Also, it was found that the flows in the period
February to May can be considerably low in some years.Base 35 days3.2.2. Bagerhat District
Bagerhat District was chosen in order to investigate the impacts
of 2 C global warming on river salinity levels and also extent of
salinity intrusion. Five locations were selected as specific points
of interest (Fig. 22):
1. Atharobanki River, located in the northwest part of the district,
which generally had a peak salinity less than 1.5PPT in the base
period, which is below the limit for irrigation supply (2PPT)
2. Madhumati River, near Mollarhat (in northeast part of the dis-
trict), which generally had a peak salinity less than 1PPT in
the base scenario, which is the limit for drinking water supply
3. Baleswar River, located in the east of the district (near Chital-
mari), which had peak salinity less than 0.8PPT in the base run
4. Gashiakhali River, located in the middle of the district, which
had peak salinity of about 6PPT in the base simulation
5. Pussur Khal, located near the estuary in the southwestern part
of the district, which had a peak salinity of about 24PPT in
the base period.
Due to climate change, the peak salinity in Atharobanki River
more than doubled to 3PPT (Fig. 23). However, with dredging of
Gorai River, the salinity levels decrease significantly. In fact the
situation is even better compared to the base condition, which
highlights the ‘‘no regrets” nature of this adaptation measure. Sim-
ilar results were found at Madhumati River. With climate change
(RCP 8.5), the peak salinity increases by about 0.4PPT and with
dredging this is significantly reduced. In the Baleswar River, the
salinity not only increases (by approx. 0.2PPT) but also the peak
shifted earlier by one month. With dredging, the peak salinity
was reduced by about 0.4PPT.
The impact of climate change on river salinity was less pro-
nounced in Gashiakhali River. This is because the salinity levels
are already relatively high due to lack of upstream freshwater
flows. The impact of dredging can be seen in this river, with peak
salinity being reduced by about 1PPT.
The impact of climate change and also dredging were negligible
in Pussur Khal, located near the estuary. This was expected as the
salinity levels are very high at this location and also the salinity in
this location is dominated by the downstream salinity boundary.
As shown in Fig. 24, the impacts of climate change (RCP 8.5)
were more apparent in the northern and eastern parts of the dis-
trict, which is currently relatively less saline. In terms of duration0.0
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duration almost doubles in Atharobanki, Madumati and Baleswar
Rivers (Fig. 25). The impact on duration of salinity above 1PPT is
less pronounced in the other two rivers as the salinity is already
high and levels are above 1PPT during most of the year.
3.2.3. Shariatpur District
Shariatpur District was chosen in order to investigate the
impacts of 2 C warming on flood levels. Simulated water levels
were taken from the regional model at grid points on Padma River,
located a few kilometers upstream and downstream of Naria
(Fig. 26). This area is particularly susceptible to flooding as it is
near the confluence of the Padma and Meghna Rivers.
As shown in Fig. 27, the simulated average flood levels increase
by 0.2 to 0.5 m in the peak monsoon months due to 2 C warming
(RCP 8.5). This increased flood level could have an impact on mon-
soon season agricultural production. The model results also
showed that the duration above current flood danger level
increases by almost one month (Table 5). This can also have an
impact on agriculture production.4. Conclusions
This integrated modelling study focused on the investigation of
climate change impact and adaptation due to a global averaged
surface temperature change of 2 C from pre-industrial level for
the Coastal regions of Bangladesh. A modelling framework for this
study was developed, which consisted of four types of modelling:
Regional climate models; Basin modelling; Regional hydrologic
and hydrodynamic modelling; and Salinity modelling.
Bias corrected climate results (temperature, precipitation and
evapotranspiration) from two Regional Climate Models (SMHI-
RCA and CNRM-ARPEGE) for one Representative Concentration
Pathway (RCP 8.5) scenario were used in this study. The key find-
ings from the basin model were:
 Ganges: Strong model agreement, increase of 20% in monsoon
months and increase by 30% in dry season
 Brahmaputra: Good model agreement, SMHI data gives higher
impact (5–10%) compared to CNRM data, overall increase in
monsoon flow of 15% and 10% in dry season
 Meghna: Goodmodel agreement inmonsoon and post-monsoon
season (20% increase) and in dry season (10% increase); SMHI
input data gives 70% increase in pre-monsoon season; CNRM
input data gives 10% decrease
 Overall, SMHI gives higher increase in flows compared to CNRM
input data
Warming by 2 C relative to pre-industrial levels leads to global
Sea Level Rise expected to be approx. 13 cm and 17 cm from CNRM
and SMHI models respectively (in RCP8.5, medium ice-shield melt-
ing scenario).
The impacts assessment has been carried out in three different
agro-ecological zones: (i) coastal saline/surge prone areas, (ii)
drought prone areas and (iii) riverine flood plain areas. For each
of the ecosystem one case study district has been selected. The case
study districts were:nder 2 C warming: Bangladesh Case Study. clim. Ser. (2016), http://dx.doi.
A.M. Zaman et al. / Climate Services xxx (2016) xxx–xxx 19(i) Kushtia – drought prone areas and
(ii) Bagerhat – coastal saline/surge prone areas,
(iii) Shariatpur – riverine flood plain areas.
The following impacts were found in the case study districts:
 Kushtia – increase in monsoon and post-monsoon flows but
little change in dry season flows due to siltation at Gorai River
mouth.
 Bagerhat – increase in salinity levels (by 0.5 to 2 PPT) and
duration (greater than1PPT) doubles in northern part of district
(Atharobanki and Madhumati Rivers)
 Shariatpur – average monsoon flood level increases by about
0.2–0.5 m and duration above danger level increases by about
25 days
Dredging of the Gorai River mouth, in order to maintain connec-
tivity with the Ganges River throughout the dry season, was found
to be a very effective adaptation measure. Given that dredging
improves the situation compared to the base period, this measure
can be considered a ‘‘no regrets” measure.
The uniqueness of this research project was that the same GCM/
RCM were used across the whole modelling chain. In other words,
the projected climate change variables from GCM/RCM were
applied at the Basin scale and also for the regional hydrologic,
hydrodynamic and salinity models. Also, the projected sea level
rise from the same GCM was used in the regional hydrodynamic
model.
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